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RegenerationNeurons grow during development and extend long axons to make contact with their targets with
the help of an intrinsic program of axonal growth aswell as a range of extrinsic cues and a permissive
milieu. Injury events in adulthood induce some neuron types to revert to a regenerative state in the
peripheral nervous system (PNS). Neurons from the central nervous system (CNS), however, reveal a
much lower capacity for regenerative growth. A number of intrinsic regeneration-promoting mech-
anisms have been described, including priming by calcium waves, epigenetic modiﬁcations, local
mRNA translation, and dynein-driven retrograde transport of transcription factors (TFs) or signaling
complexes that lead to TF activation and nuclear translocation. Differences in the availability or
recruitment of these mechanisms may partially explain the limited response of CNS neurons to
injury.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Neurons extend their axons over great distances during devel-
opment to make contact with their targets. This is achieved with
the help of many signaling pathways and within a
growth-favoring milieu. However, after the establishment of these
contacts, such intrinsic capacity is greatly reduced or lost, espe-
cially in the central nervous system (CNS) [1–3]. Often, following
a traumatic event, there is the need for neurons to regenerate
and revert back to an ‘‘elongation mode’’ that characterizes the
developmental stage. While regeneration occurs in the peripheral
nervous system (PNS), adult CNS neurons have a vastly reduced
regeneration capacity [4]. This disparity underlies the interest in
understanding the differences between these two systems in order
to discover pathways that facilitate axonal regeneration.
One of the major differences between the CNS and PNS is the
surrounding environment in which the injured axons try to regen-
erate. In the CNS many factors derived from various supporting
cells, including myelinating oligodendrocytes, contribute to the
creation of a growth-inhibitory environment after injury either
by forming physical barriers or, alternatively, by receptor mediated
repulsion (reviewed in [5,6]). The most prominent of the latter are
the extra-cellular domain of the protein Nogo-A, myelin-associated
glycoprotein (MAG) and oligodendrocyte/myelin glycoprotein(OMgp), ephrin B3, ephrin A3, semaphorin 4D, semaphorin 5A,
semaphorin 3F, as well as chondroitin sulfate proteoglycans
(CSPGs) and the myelin glycolipid sulfatide [6]. In addition, in
the CNS a ‘glial scar’ is formed upon injury by migration of astro-
cytes, proliferation of reactive astrocytes and accumulation of
intermediate ﬁlament proteins such as the glial ﬁbrillary acidic
protein (GFAP), vimentin and others [6]. A very recent paper
showed that systemic administration of a blood–brain barrier per-
meable microtubule stabilizing drug, epothilone B (epoB), was able
to decrease the extent of scarring after spinal cord injury in rodents
by interfering with the migration of scar-forming ﬁbroblasts. This
drug was also able to induce microtubule polymerization in the
axon tip, consequently promoting axonal growth and regeneration,
resulting in an improved motor function after the lesion [7].
All of the aforementioned processes are regarded as ‘‘extrinsic’’
cues that prevent CNS regeneration. In accordance with these
observations, it was shown that CNS neurons are able to regenerate
their axons when given a growth-permissive substrate such as a
peripheral nerve graft [8] or a stem-cell derived milieu [9],
although regeneration beyond these environments is usually very
limited. However, a favorable environment is not sufﬁcient for efﬁ-
cient regeneration in CNS neurons [10] and manipulations that
successfully enhance axonal regeneration often require combina-
tions of factors affecting both extrinsic and intrinsic mechanisms
[11], suggesting that CNS neurons may lack intrinsic mechanisms
for promotion of a ‘‘regenerative state’’. The ability of PNS axons
to regenerate after injury presents an opportunity to study the
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review we will explore the nature of the intrinsic and extrinsic
mechanisms that lead to regeneration by comparing the differ-
ences between CNS and PNS neurons.
2. The conditioning lesion paradigm
One of the most common models that exemplify the intrinsic
differences between the regenerative potential of CNS and PNS
neurons is the so-called ‘‘conditioning lesion’’ paradigm. Dorsal
root ganglia (DRG) sensory neurons are characterized by a bifurcat-
ing axon with two branches, a peripheral and a central branch.
While the peripheral branch has the ability to regenerate following
injury, the central process does not. Interestingly, if the peripheral
branch is injured prior to the central tract lesion, centrally project-
ing neurites regain their ability to regenerate in vivo [12–14]. The
‘‘conditioning lesion effect’’ is observed in DRG neurons grown in
culture after injury of their peripheral branch, whereby they shift
from their normal highly-branched ‘‘arborizing’’ morphology to
an elongating modality of growth [14,15]. DRG neurons cannot,
however, be similarly conditioned by an injury in the central
branch [15], unless the central lesion was preceded by a peripheral
injury [13]. This evidence strongly suggests that, while peripheral
branch injury can increase the intrinsic growth capacity of DRG
neurons, the same is not true for injury of the central branch.
Findings from the conditioning lesion model raise the question:
what are the molecular basis of a regenerative response that can be
mounted as a consequence of a peripheral lesion, but not a central
one, in the exact same cell? In the following sections of this review
we will focus on several different mechanisms that coordinate the
regenerative response, including calciumwaves, epigenetic modiﬁ-
cations, active retrograde macromolecular transport, transcrip-
tional response and local protein synthesis. For each one of these
mechanisms we will discuss what is known in terms of differences
between PNS and CNS neurons.
3. Calcium waves
Calcium inﬂux in the axoplasm represents a fast signaling ave-
nue in response to injury that is able to trigger several mechanisms
connected to axonal growth. The consequent inversion of the nor-
mal calcium/sodium ﬂux creates a depolarization that is propa-
gated along the axon all the way to the cell body [16]. In
Caenorhabditis elegans the amplitude of such depolarization waves
may correlate positively with the extent of sensory neuron regen-
eration, while the opposite is also true, in that inhibition of calcium
signaling reduces the regenerative potential of injured axons [17].
Interestingly, the underlying mechanism inducing a calcium wave
in response to injury between central and peripheral neurons
might differ greatly. For instance, while it was shown that in corti-
cal neurons the generation of a calcium wave requires both cal-
cium and sodium voltage-dependent channels [18], in
sympathetic neurons there is no such dependency on sodium
channels [19].
Changes in intracellular calcium levels activate downstream
effectors that in turn regulate regeneration. One of the most promi-
nent calcium responsive mechanisms is the activation of adenylate
cyclase (AC) and the subsequent raise in cyclic AMP (cAMP) levels.
Indeed, local increase of cAMP inﬂuences the establishment of a
functional growth cone after axotomy. In C. elegans sensory neu-
rons calcium-dependent enzymes lead to an increase of cAMP,
which promotes the rearrangement of the cytoskeleton needed
for the growth cone assembly [17]. In rodents, activation of
extracellular-signal regulated kinase 1,2 (ERK) is required for the
formation of a competent growth cone after axotomy in dorsal rootganglia axons, while depletion of extracellular calcium or the inhi-
bition of cAMP – protein kinase A (PKA) signiﬁcantly impair this
process [20]. Similar results have also been reported in Aplysia,
where the assembly of an effective growth cone machinery, which
is able to initiate axonal regeneration, is dependent on calcium
inﬂux [21]. Indeed, structural organization of the cytoskeleton at
an axonal lesion site is altered by conditions that limit calcium
inﬂux [21]. Such alterations cause delays in the fusion of antero-
gradely transported vesicles to the plasma membrane of the cut
axonal end, affecting the ability of the growth cone to regenerate
[21]. Along the same lines, cAMP promotes regeneration in periph-
eral sensory neurons, where its levels are elevated after injury [22].
It is not clear, however, whether cAMP can contribute to CNS
neurons regeneration. The effect of cAMP on the regeneration of
sensory neurons after spinal cord lesion was modest in comparison
to its effects after peripheral injury in the same cell type [23]. In
retinal ganglia cells (RGCs) cAMP was suggested to facilitate cell
survival rather than axonal regeneration [24], and to play a role
in modulating inﬂammation-induced regeneration, through its
effects on oncomodulin binding in the retina [25].
A recent study has determined that the release of calcium from
internal stores is essential to the generation of a calciumwave after
nerve injury of mouse sensory neurons (Fig. 1A) [26]. Furthermore,
the back-propagating calcium wave following axonal injury in
DRG neurons arrives all the way to the soma and causes nuclear
export of the histone deacetylase 5 (HDAC5) in a protein kinase Cl
(PKCl) – dependent manner (Fig. 1A). This event facilitates axon
regeneration in vitro and in vivo by leading to an increased acetyla-
tion of histone H3, thus inducing the up-regulation of
regeneration-associated genes (RAGs) such as Jun, KLF4, KLF5, Fos,
and Gadd45a [26] (Fig. 1A). An interesting suggestion is that this
early calcium-dependent mechanism of HDAC5 nuclear export
primes the neuronal cell body for a second slower signaling depen-
dent on retrograde transport along microtubules in the axon [26]
(see below). In addition, following its injury-inducednuclear export,
HDAC5 is transported to axon tips where it accumulates, ultimately
resulting in local deacetylation of tubulin, which in turn promotes
growth-cone dynamics and axon regeneration [27]. Interestingly,
the aforementioned PKCl activation and increased histone acetyla-
tionwasnot observed inRGCs; andHDAC5accumulationand conse-
quent tubulin deacetylation was not detected in the axon tips of
RGCs [26,27]. These observations support the notion that one or
more of the steps in the cascade of events stemming from the
back-propagating calcium wave to the activation of PKCl and
nuclear export of HDAC5 differ between CNS and PNS neurons.
The exact steps underlying the disparity between the two systems
remain, however, to be determined.
A key difference between the central and the peripheral
response to axonal injury is the tendency of central axons to form
a retraction bulb, while peripheral axons form a growth cone that
enables regeneration a short time after injury [28]. This differential
response seems to be mediated by the dynamics of microtubules
leading to stabilization (growth cone) in the case of the PNS and
de-stabilization (retraction bulb) in the case of the CNS [29]. In
Aplysia neurons, axonal lesion was shown to cause a
re-orientation of microtubule polarity at the cut end, which sup-
ports the sorting and concentrating of different membrane
resources to speciﬁc sites on the injured axon, thereby transform-
ing the axonal stump into a motile growth cone [30]. While a
detailed overview of this topic is outside the scope of the review,
we will mention that the major identiﬁed effectors of this differen-
tial response are the histone deacetylases HDAC6 [31], HDAC5 [27]
and the kinesin family member KIF3C [32]. Speciﬁcally, axonal
injury triggers microtubule deacetylation in PNS but not in CNS
neurons [27]. Histone deacetylation has been suggested to be con-
nected with microtubule dynamics, which are essential for the
Fig. 1. Mechanisms of response to injury in PNS neurons. The schematic depicts early and late events in response to axonal injury in PNS neurons. An initial fast calcium wave
is initiated at the injury site as a consequence of the rupture of the axonal membrane and the opening of sodium/calcium channels. The resulting increase in calcium levels in
the axons is likely reinforced by calcium release from intracellular stores such as the endoplasmic reticulum. The ionic wave is then propagated all the way to the cell soma,
where it can elicit the nuclear export of histone deacetylase 5 (HDAC5), which in turn primes the chromatin for transcription via acetylation (Ac) of the histone 3 (H3). B. A
second slower signaling wave, which is dependent on dynein retrograde transport, is sent to the cell soma. Axonal injury is able to activate local translation in PNS neurons.
Importin b1 and vimentin are translated among other mRNAs. The ﬁrst, due to its association with importin a and NLS-bearing transcription factors (TFs), leads to the
formation of a retrograde injury signaling complex, associated by an importin a to dynein. In addition, accessory binding sites for vimentin enable dynein-mediated transport
of phosphorylated extracellular signal-regulated kinases 1/2 (ERK1/2). Upon arrival in the soma, individual components of this signaling complex can activate downstream
signals such as ETS domain-containing protein 1 Elk-1 (ELK1) or directly translocate to the nucleus. The signal transducer and activator of transcription 3 (STAT3) is also
activated following injury and is transported to the nucleus due to its interaction with impotin a. The dual leucine zipper kinase (DLK), which is activated locally after injury,
can also mediate STA3 transport to the cell soma. Finally, Jun amino-terminal kinase (JNK) local activation leads to its loading onto dynein in concert with Sunday Driver, also
known as JIP3, and DLK. This signaling complex activates c-Jun and after arriving to the cell soma leads to the activation of the activating transcription factor 3 (ATF3). The TFs
translocated into the nucleus ultimately contribute to the induction of a transcriptional response that leads to the activation of a regeneration program.
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HDAC5 knockdown was shown to reduce microtubule dynamics,
while its overexpression had the opposite effect [27]. Likewise,
KIF3C localization at the tip of growing microtubules is necessary
for the maintenance of the growth cone’s dynamic behavior and
its depletion was shown to impair regeneration after injury in
DRG neurons both in vitro and in vivo [32]. Further study of these
molecules is ongoing and their potential involvement in facilitating
axonal regeneration in the CNS will be an interesting topic for fur-
ther studies [28].
4. Epigenetic modiﬁcations
Epigenetic modiﬁcations constitute another regulatory mecha-
nism that can govern neuronal growth states. In addition to the
aforementioned work of Cho et al. (2013), the importance of his-
tone acetylation in axonal regeneration had been inferred by the
observation that valproic acid, a histone deacetylase inhibitor,improves motor recovery after spinal cord injury in rat [33]. The
connection between epigenetic regulation and response to injury
was further strengthened by the observation that histone 4 acety-
lation is restored following axonal injury, while histone-modifying
enzymes were found to act together with the transcription factor
Smad1 to facilitate transcriptional regulation of RAGs [34].
Interestingly, a recent paper demonstrated a role for the Smad1
pathway in promoting axon regeneration in the mammalian ner-
vous system through a mechanism that is dependent upon glyco-
gen synthase kinase 3 (GSK3) – mediation of PI3K-dependent
signaling [35]. In addition, depletion of Smad1 in adult mice was
shown to prevent axon regeneration in vivo [35]. Several other epi-
genetic mechanisms have been described in the context of axonal
regeneration. Notably, the transcriptional complex formed by the
tumor suppressor p53 and its acetyltransferases CBP/p300, which
results in the acetylation of histone 3, has been reported to pro-
mote the initiation of a regeneration program involving RAGs, such
as for example the axonal growth-associated protein 43 (GAP-43)
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mechanism was given by the observation that in an optic nerve
crush model of axonal injury, adenoviral-mediated overexpression
of p300 promotes axonal regeneration in the optic nerve [39].
Another epigenetic modiﬁer that was suggested to contribute to
successful regeneration is the histone acetyltransferase
p300/CBP-associated factor (PCAF),which regulates RAG expression
by acetylation of their associated histone 3 [40]. Importantly, PCAF
dependent gene reprogramming of RAGs only occurs after periph-
eral, rather than central, injury in DRG neurons and it is necessary
for the conditioning lesion effect in vitro [40]. Interestingly, it seems
that NGF-activated ERK retrograde injury signaling is needed for
PCAF’s effect on gene expression [40]. The observation that ERK ret-
rograde signaling is needed in order to enable PCAF dependent epi-
genetic changes to induce regeneration suggests a direct link
between retrograde injury signaling to epigenetics of RAGs.
5. Transport of locally activated injury signals
We previously discussed the possible role of a fast
back-propagating calcium wave as a ﬁrst line of response to injury;
the contribution of a second slower signaling wave mediated by
molecular motors has also been extensively studied. In regards to
injury signals, both anterograde and retrograde microtubule-based
transport are important for the regeneration response. While dis-
cussing the contribution of the anterograde transport in injury
regeneration is outside the scope of this review, we will explore
the retrograde dynein-dependent injury signaling.
Aplysia was widely used in the early work on injury signaling
due to its large neurons. Taking advantage of this feature, injec-
tions of axoplasm from crushed but not from uncrushed nerves
into the soma of uninjured sensory neurons resulted in the trigger-
ing of an injury-like response in these cells. These observations
suggested that axonal injury activates molecular signals locally in
the axon [41]. Since the signals activated locally in the axoplasm
must be transported to the nucleus, the possibility was explored
that at least some of them could be proteins containing a nuclear
localization signal (NLS) [41,42]. In rodents this mechanism was
later conﬁrmed by the observation that the introduction of syn-
thetic NLS peptide at the injury site of axotomized sensory neurons
or injection of NLS directly in the sciatic nerve was able to impair
the regenerative response of these cells [43].
Importin a and b are major components of the nuclear import
complex. NLS-containing proteins exhibit a low binding afﬁnity
to importin a and high binding afﬁnity to a/b heterodimers.
While multiple importin a isoforms are present as protein in intact
nerves, that is not the case for importin b1, which needs to be
locally translated at the injury site [43] (Fig. 1B). Importantly,
Ras-related nuclear protein binding protein 1 (RanBP1) is also
locally translated after injury, triggering the hydrolysis of the res-
ident RanGTP, which detaches from importin a, thus freeing the
latter to interact with the newly synthesized importin b1 to form
the retrograde nuclear import complex [44]. Indeed, perturbing
the hydrolysis of RanGTP or blocking RanBP1 at axonal injury sites
attenuates the neuronal conditioning lesion response [44].
In rodent DRG neurons, another signaling molecule locally acti-
vated after injury and involved in the retrograde signaling that ini-
tiates regeneration is ERK [45] (Fig. 1B). This protein is transported
retrogradely to the neuronal cell body by the same transport
machinery by virtue of its association with locally synthesized
vimentin [45] (Fig. 1B), which binds phosphorylated ERK 1/2, thus
linking them to dynein via its direct binding to importin b1 [45]
(Fig. 1B). Other retrograde injury signaling molecules can bind to
dynein in an importin-independent manner. Speciﬁcally, nerve
injury induces the local activation of c-Jun N-terminal kinase(JNK), which is then transported retrogradely by virtue of its asso-
ciation with dynein [46] (Fig. 1B). Sunday Driver (syd), also known
as JIP3was identiﬁed as amotor adaptor for axonal endosomes [47].
In response to axonal injury, syd mediates the retrograde transport
of JNK-positive vesicles, which constitute a mobile signaling plat-
form to relay axonal injury signal to the cell body [47] (Fig. 1B).
Importantly, JNK has been implicated in the re-organization of
the neuronal cytoskeleton through themicrotubule-associated pro-
tein 1B (MAP1B) and its signaling was shown to be required for sus-
tained neurite elongation, as JNK inhibition results in neurite
retraction [48]. It should be noted though, that there are several
JNK isoforms and they seem to have distinct roles in regards to neu-
rite elongation and regeneration [48].
6. Transcriptional response to injury
In order to successfully regenerate, neurons must mount an
injury response by changing their gene expression [49]. A number
of Regeneration Associated Genes (RAGs) have been identiﬁed
including growth-associated protein 43 (GAP-43), the cortical
cytoskeleton-associated protein of approximate molecular mass
23kDa (CAP-23), the small proline-rich protein 1A (SPRR1A) and
various cytoskeletal components (reviewed in [14]). The expres-
sion of RAGs is coordinated by transcription factors associated with
the regeneration program, such as c-Jun [50], SRY-box containing
gene 11 (Sox-11), [51] and the activating transcription factor 3
(ATF3) [52]. Indeed, ATF3 activation following peripheral injury
in DRG neurons leads to increased expression of SPRR1A [52],
and is able to promote neurite outgrowth by modulating the
intrinsic growth capacity of these cells [53]. Crucially, in DRG neu-
rons ATF3 upregulation only happens if the injury is located in the
peripheral axonal branch, but not in the central one [54].
The previously mentioned role for the nuclear importin com-
plex in injury-dependent retrograde transport suggests a possible
direct involvement of transcription factors (TFs), which are nor-
mally translocated to the nucleus by virtue of their NLS sequence,
in the signaling triggered by axonal injury. The Janus kinase/signal
transducers and activators of transcription (JAK/STAT) signaling
pathway is a major modulator of growth. Signal transducer and
activator of transcription 3 (STAT3) in particular was shown in
many studies to be a potent inductor of cell survival and regener-
ation [55–57]. Indeed, STAT3 was shown to be locally translated
and activated upon injury, and transported via its association with
dynein and importin a5 to DRG nuclei, where it modulates the sur-
vival of these neurons [56]. Interestingly, a recent paper reported
that the dual leucine zipper kinase (DLK), a mitogen-activated pro-
tein kinase kinase kinase (MAPKKK) that can activate JNK, is neces-
sary for retrograde transport of activated p-STAT3 to the cell body
after sciatic nerve injury [58] (Fig. 1B). DLK can be activated also by
the disruption of actin or microtubule cytoskeleton in a manner
that is independent from calcium inﬂux and this activation induces
a pro-regenerative state akin to preconditioning, which enhances
the response to injury [59] (Fig. 1B). Previously discussed signaling
molecules, which are triggered as a consequence of injury, such as
ERK and JNK, can also activate transcription factors. Indeed, ERK
triggers the activation of the ETS domain-containing protein
(Elk-1) [45] (Fig. 1B). On the other hand, JNK activates ATF3 as
demonstrated by the observation that inhibition of axonal trans-
port or axonal inhibition of JNK activation reduces the number of
ATF3-positive neuronal nuclei [60] (Fig. 1B). Other TFs have been
implicated in regeneration such as the cAMP response
element-binding protein (CREB), and Smad1 [15,35,61,62]. A
recent study highlighted the importance of AP1, another TF sug-
gested to be activated by cAMP [63]. Its activation in conjunction
with CREB activation was shown to be necessary to stimulate the
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more comprehensive overview of the transcription factors
involved in injury response can be found in Tedeschi (2012) [49].
7. Local protein synthesis
An increasing number of studies have recently emphasized the
role of axonal local translation of proteins after injury. The ability
of axons to locally synthesize proteins, distant from the cell body,
was proposed to be important for their capacity to regenerate. This
hypothesis was based on the identiﬁcation of several mRNAs local-
ized within axons and observations suggesting the presence of
ribosomes along axons and growth cones [64]. Indeed, axonal pro-
cesses of adult sensory neurons cultured after conditioning injury
were shown to contain ribosomal proteins, translational initiation
factors, and ribosomal RNA [64]. Growth cone’s retraction and/or
reduction in the number of regenerating growth cones was also
observed from transected axons in presence or absence of inhibi-
tors of protein synthesis and after the communication with the cell
body was compromised by axotomy or inhibition of axonal trans-
port [64,65]. Similar results could be observed following the inhi-
bition of mTOR, p38 MAPK, and Caspase3, all key players in
protein synthesis and degradation [65].
Interestingly, a connection between age and regenerative poten-
tial has also been identiﬁed, whereby axons of DRGs from younger
mice have higher levels of the translational machinery and a higher
capacity to regenerate after injury [20]. In addition, the use of com-
partmentalized ﬁlter cultures, which allows the isolation of pure
axonal preparations, and genome-wide microarray technology,
has shown that embryonic and adult DRG axons contain a largely
overlapping repertoire of mRNAswith over 1100 transcripts unique
to embryonic and over 1400 to adult axons [66]. Interestingly,
embryonic axons were enriched in mRNAs with a role in axonal
guidance and growth, regenerating and pre-lesioned adult axons
in RNAs with a role in inﬂammation and immunity [66].
The presence of mRNA transcripts in axons suggests the exis-
tence of a mechanism by which these molecules are transported
there in the ﬁrst place. Axonal localization can be achieved by
the binding of a speciﬁc mRNA with an RNA-binding protein.
One of the most studied cases of such an interaction is the mRNA
for b-actin, which contains a sequence for axonal targeting of
54-nucleotides within its 30 untranslated region (UTR) called zip-
code. The insertion of this sequence grants an mRNA the ability
to bind to a protein called ZBP-1 (RNA-binding protein
zipcode-binding protein 1), which is then responsible for its axonal
localization [67,68]. Indeed, tagging the mRNA of myristilated
green ﬂuorescent protein (myrGFP) with the sequence of
b-actin’s 30-UTR was shown to drive its axonal localization in both
PNS and CNS neurons in vivo [69].
In accordance with the previously discussed observations, mice
with reduced levels of ZBP-1 display an impaired regeneration
response after sciatic nerve injury [70], while overexpression of
the 30-UTR region of b-actin is able to outcompete other mRNAs,
such as GAP-43, for their binding to ZBP-1 [70], and the 30-UTR
of GAP-43 mRNA can deplete axons of endogenous b-actin mRNA
[71]. It is well documented that the subcellular localization of
mRNAs for both b-actin and GAP-43 is crucial for axonal growth.
In ovo electroporation experiments with axonally targeted
b-actin and GAP-43 mRNA have shown that axonal translation of
b-actin mRNA supports axon branching while axonal translation
of GAP-43 mRNA supports elongating growth of sensory axons into
the chick spinal chord [71] and improves axonal regeneration after
injury in a Spry2 knockout mice [38].
Another interesting example of an mRNA that is localized in
axons and is important for axonal regeneration is importin b1. Aspreviously discussed, importins are found in axons at great dis-
tances from the cell body. Importin b1 mRNA, in particular, is local-
ized in axons of DRG neurons and is translated upon sciatic nerve
injury [43] (Fig. 1B). As mentioned above, this process is of critical
importance for the formation of a/b complexes and the mounting
of a proper NLS-mediated injury response. Notably, axonal local-
ization of importin b1 mRNA is encoded by its 30-UTR [72] and
mice lacking the axon-localizing region of importin b1 30-UTR have
lower level of importin b1 transcript in DRG axons and an attenu-
ated regeneration response following sciatic nerve crush [72].
8. Growth suppression programs
The evidence described above suggests that limited regenera-
tion in CNS neurons might stem in part from an inability to activate
intrinsic growth pathways. In this context, growth-suppression
programs might also play a major role in the diminished regener-
ation capabilities of CNS neurons. It is generally accepted that neu-
rons gradually lose their regenerative capabilities during
embryonic development [1]. This is especially true in the case of
CNS neurons, where the activity of the mammalian target of rapa-
mycin (mTOR) declines with the degree of their maturation
[73,74]. This observation suggests that re-activation of mTOR in
neurons could contribute in reverting these cells to a more imma-
ture and regeneration-prone state. Indeed, several studies have
explored mTOR’s ability to promote neuronal growth and regener-
ation, as detailed below.
mTOR is a serine/threonine protein kinase that acts in a com-
plex with other proteins to regulate cell growth, proliferation,
metabolism, motility and survival [75]. It was found that deletion
of the phosphatase and tensin homologue (PTEN), a regulator of
mTOR, signiﬁcantly increases both neuronal survival and axonal
regeneration following injury in retinal ganglion cells (RGCs) in
an mTOR-dependent manner, since administration of rapamycin
neutralizes these survival and regeneration effects [73]. PTEN is a
lipid phosphatase that preferentially dephosphorylates phospho-
inositide substrates. It negatively regulates intracellular levels of
phosphatidylinositol-3,4,5-trisphosphate (PIP3) thus regulating
mTOR activity via Akt signaling [76,77]. PTEN was previously
implicated as a key growth regulator in neuronal cells, where it
was shown to affect cell soma size in a PI3K and mTOR dependent
manner [78]. Speciﬁcally, a transport mechanism involving the
interaction between myosin Va (highly enriched in the nervous
system) and PTEN has been described [78]. This interaction,
thought to control PI3K signaling and neuronal size, depends on
the phosphorylation of PTEN C-terminal domain and is antago-
nized via GSK3 and CK2 inhibition, indicating that these kinases
might regulate neuronal soma size upstream of PTEN transport
[78]. Another mTOR regulator implicated in axonal regeneration
is the tuberous sclerosis protein 2 (TSC2), whose deletion is also
able to promote regeneration in DRG neurons [79]. The
TSC1/TSC2 heterodimer is an upstream inhibitor of mTOR that is
inhibited by phosphorylation by Akt.
mTORC1 stimulates protein translation via two main down-
stream effectors: by inhibition of the eukaryotic translation initia-
tion factor 4E-binding protein (4E-BP) and activation of the
ribosomal protein S6 kinase 1 (S6K1). Indeed, it was found that
S6K1 has a dual role in promoting CNS axon regeneration: while
its activation is sufﬁcient to promote axon regeneration, it is also
able to inhibit PTEN deletion-induced axon regeneration through
the feedback inhibition of PI3K pathway, which normally counter-
acts PTEN [80]. In addition, while 4E-BP inactivation promotes cell
survival in RGCs, it is not sufﬁcient in itself for axonal regeneration.
Rather, it is necessary for promotion of axonal growth that stems
from PTEN deletion [80]. A recent paper documented that survival
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RGCs, with alpha-RGCs (aRGCs) surviving preferentially [81]. The
reason for this preferential survival was once again connected to
the mTOR pathway as aRGCs have uniquely high levels of mTOR
signaling and also selectively express osteopontin (OPN) [81], a
receptor which is capable of stimulating mTOR activity [82].
Taken together, the evidence presented above support the concept
that mTOR is a central player needed for overcoming intrinsic
growth suppression and that its activity takes major part in regu-
lating intrinsic regeneration in CNS neurons.
In contrast to the wealth of data regarding the role of mTOR in
CNS neurons, its function in injured peripheral neurons is more
controversial. Indeed, previous studies showed that while both
activation of PI3K and inhibition of PTEN are able to promote neu-
rite outgrowth in peripheral sensory neurons, this effect may be
mTOR independent as it is not affected by treatment with rapamy-
cin [83]. Instead, it seems that PI3K-dependent increase of growth
potential in the PNS is a consequence of glycogen synthase kinase 3
(GSK3) inhibition by PI3K which, in turn, induces elevated expres-
sion of the transcription factor Smad1 [35]. Other studies, however,
have shown that mTOR activity is upregulated in injured periph-
eral neurons and in turn induces the expression of the regeneration
marker growth associated protein GAP-43 [79]. The same group
was also able to show that syntaxin13 expression levels increase
in injured nerves in an mTOR-dependent manner as a result of
local protein synthesis and not axonal transport [84].
Furthermore, depletion of syntaxin13 in cultured DRG neurons
impaired axon growth and regeneration [84]. Thus, further studies
are needed in order to clarify the role of mTOR in peripheral nerve
regeneration and determine whether mTOR activity and regulation
differ between central and peripheral neurons.
Along the same lines and as previously discussed, another
major modulator of intrinsic growth potential in CNS neurons is
the JAK–STAT pathway. Interestingly, STAT3 levels were shown
to increase as a result of peripheral, but not central, injury and
inhibition of the JAK–STAT3 pathways abolished the conditional
lesion effect [55–57]. It was also shown that lens injury, when con-
ducted along with optic nerve crush, can greatly increase RGCs sur-
vival and regeneration [85] and that this correlates with elevated
expression levels of RAGs [86]. It is thought that this effect is medi-
ated by STAT cytokine-induced signaling occurring as a result of
the inﬂammation process induced by the lens injury. Indeed,
similarly to PTEN, suppressor of cytokine signaling 3 (SOCS3) dele-
tion leads to increased regeneration in RGCs [87]. This effect is
mediated by the cytokine receptor glycoprotein 130 (gp130),
which is a regulator of the JAK-STAT pathway. In addition, it was
recently shown that the krueppel like factor 4 (KLF4) is an inhibitor
of cytokine induced STAT3 activity and that deletion of which
enhances regeneration of RGCs in a STAT3 dependent manner
[88]. Interestingly, combining SOCS3 and KLF4 deletions further
enhances this effect [88]. In addition, deletion of PTEN and
SOCS3 have a synergistic effect, which is signiﬁcantly larger then
the expected sum of their individual outputs [89]. S6K1 seems also
to play a role, as deletion of SOCS3 concomitant with S6K1 activa-
tion yields increased regeneration similar to that observed by
PTEN/SOCS3 double deletion [80]. The overall integrated mecha-
nism for this additive effect remains to be elucidated.9. Conclusions and future perspectives
The results summarized above reveal a multiplicity of commu-
nication mechanisms between axons and cell bodies after nerve
injury. Clear understanding of the regulation and integration of
such signals will be required for the development of new therapeu-
tic approaches to peripheral and central nervous system injury anddisease. Two major challenges currently hinder progress toward
this goal, on one hand the multiplicity of injury/regenerative sig-
nals might reﬂect backup mechanisms ensuring the robustness of
the system, on the other hand the likelihood of mimicking the full
spectrum of responses to axonal injury by individual pharmaceuti-
cals seems slim. Hence, despite signiﬁcant advances in our under-
standing, therapeutic strategies for treating CNS injury are
currently still limited.
Another way to tackle this issue is to perform large genomic and
proteomic screening for system-wide identiﬁcation of the relevant
genes or proteins (e.g. [90,91]). Unfortunately to date, only a lim-
ited number of genes discovered by these screening approaches
have been validated for function in vivo. Nevertheless, these stud-
ies have already yielded a general overview of the neuronal
response to injury and allowed a systematic characterization of
the molecular pathways involved. As a result, the complexity of
the injury response is coming to light and it is becoming clear that
regenerative growth also involves speciﬁc pathways that sense and
respond to damage [91]. Indeed, while there is a plethora of com-
mon pathways, such as mTOR signaling, which are active both in
developmental axonal growth and axonal regeneration, it seems
that the latter cannot be viewed simply as a recapitulation of axo-
nal elongation during development. The discovery of common
pathways for both processes might however present an opportu-
nity for future development. The identiﬁcation of shared transcrip-
tional or epigenetic nodes should also be further explored for
future mimicking of the regenerative response of PNS neurons in
the CNS.
Another very interesting challenge is posed by the understand-
ing of the mechanisms underlining the way the previously
described retrograde injury signals are recognized and integrated
at the level of the cell body. For example, how do neurons keep
track of where along the axons an injury has taken place?
Several studies conducted in DRG neurons demonstrated a differ-
ential modulation of the transcriptional response to injury, which
is dependent on the distance of the lesion from the cell body. For
instance, the kinetics of JNK activation and ATF3 induction has
been found to be dependent on the distance of the axotomy site
from the DRGs [54,92]. Likewise, this distance determines the type
and the extent of the response to injury in retinal ganglion cells,
where there is a correlation between the extent of axonal regener-
ation and the distance between site of axotomy and cell body [93].
A number of hypotheses have been formulated in order to explain
the diversity of cell body responses to differently located axonal
lesions based on diffusion mechanisms, signaling waves or spatial
gradients of protein abundance. While diffusion is not likely to
function efﬁciently over long distances, the other mechanisms
might also lack the spatial range required for utility in adult nerve
injury [94–96].
Mathematical models for encoding the location and/or distance
of a lesion site based on fundamental properties of
motor-dependent transport have been proposed [97–99].
Simulations taking into account the velocity ranges for kinesin
and dynein motor complexes supported primarily two models,
one in which the cells measures the delay between the arrival of
an early priming signal and that of a later motor-dependent signal
[97], and one in which the spatial information is encoded by an
oscillatory signal generated by bidirectional regulation of
kinesin- and dynein-based signaling quanta [98]. From a computa-
tional point of view, the ﬁrst of the two models requires multiple
concomitant motor-driven signals to ensure the ﬁdelity of the sys-
tem, while the secondmodel based on frequency-encoding appears
to be more robust [16].
Although the model above-mentioned was meant to explain
how cells sense their length, similar mechanisms based on oscilla-
tory signals might be used in injury/regeneration. Indeed,
E. Doron-Mandel et al. / FEBS Letters 589 (2015) 1669–1677 1675oscillations in the nuclear import of certain transcriptional factors,
including Smad1 and STAT3, which play an important role in injury
response as previously discussed, has been demonstrated to mod-
ulate gene expression in various biological systems [100–103].
Such a system might enable lesion sensing as a sudden change in
apparent axon length, possibly through frequency encoding of
importin-mediated retrograde signals [16]. Indeed, as previously
mentioned, the multiplicity of injury/regenerative signals makes
it difﬁcult to devise therapeutic strategies, since mimicking the full
spectrum of responses to axonal injury is a strenuous task. A dee-
per understanding of the mechanisms by which cell bodies receive
and integrate retrograde injury signals may highlight common sig-
naling nodes for therapeutic targeting in the future.
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